Abstract. Chlorpromazine (3 X 10-4 M) prevents the stimulation of adenyl cyclase activity in thyroid membranes produced by thyrotropin and prostaglandin, ACTH stimulation of adenyl cyclase in adrenal tissue, and glucagonand epinephrine-stimulation of adenyl cyclase activity in liver. Baseline activity is unaffected. Parathyroid hormone stimulation of kidney preparations was not inhibited under these conditions. At chlorpromazine concentrations >3 X 10-4 M F--stimulated cyclase activity of thyroid and adrenal tissue was increased. Other phenothiazines, trifluoperazine, and prochlorperazine, have similar effects on thyrotropin and F--stimulated cyclase activity of thyroid. Na+-K+-dependent ATPase of thyroid is also inhibited by chlorpromazine. Since thymol causes a similar dissociation of hormone-and F--stimulated adenyl cyclase, it is concluded that the surface properties of these agents best account for their effects on adenyl cyclase.
Introduction. During the preparation of plasma membranes from beef thyroid slices, we have attempted to establish criteria for the origin of such membranes. The presence of enzymes such asNa+-andK+-dependentATPase or adenyl cyclase suggest that such preparations derive from the plasma membrane only by analogy with their presence in anatomically identifiable plasma membranes. We therefore also tested inhibitors believed to interfere with membrane functions such as iodide transport and responses to thyrotropin (a thyroidstimulating hormone) that might reasonably be assigned to the thyroid plasma membrane. Among the inhibitors were the phenothiazines which we had previously shown to block iodide accumulation by thyroid slices.1 Recently, Onaya et al. 2 reported that phenothiazines inhibit thyrotropin stimulation of colloid endocytosis and glucose oxidation, and ascribed this to the well-known property of lysosome stabilization with which these compounds are credited.3 4 We show here that these phenothiazine effects can be explained by inhibition of adenyl cyclase which, in a limited concentration range, is restricted to hormone-stimulated activity both in the thyroid and some other hormone responsive systems, but does not occur with the F--stimulated adenyl cyclase activity.
Methods. Plasma membranes from beef thyroid homogenates were prepared by differential centrifugation and repeated washing (110,000 g min) in 0.25 M sucrose containing 3 X 10-1 M Tris HCO buffer, pH 7.4, 1 X 1l-a M dithiothreitol, and 1 X 10-M ethylene glycol-bis(,3-amino ethyl ether) N,N'-tetraacetic acid (EGTA) as the Mg++ salt.
The upper portion of the pellet collected at 11,000 X g was further purified in discontinuous sucrose gradients (30, 40, 45% sucrose) in the SW25.2 Spinco rotor as will be described elsewhere in detail. Adrenal adenyl cyclase preparations were made from adrenal glands of 8 to 10 male Sprague-Dawley rats. Tissue was homogenized in the above medium or in the same medium in which the dithiothreitol and EGTA had been omitted. After removal of debris at 100 X g (10 min), the 15,000 X g (10 min) pellet, washed twice with the above medium, was used for the enzyme preparation. Rat kidney preparations were prepared and assayed according to the method of Marcus and Aurbach5 except that creatine phosphate-creatine kinase was used for the ATP-regenerating system. The rat liver enzyme was prepared according to the technique of Sutherland et al. 6 Adenyl cyclase was assayed at 370C for 10 min according to the method of Krishna et al.,7 as modified by Birnbaumer et al. 8 The total incubation volume was 60 MlI containing 2.7 mM ATP-a-32P, 5 mM MgCl2, 10 mM theophylline, 0.1% crystalline bovine serum albumin, 25 mM Tris HCl, pH 7.40, 10 mM creatine phosphate, and 20 ,ug of rabbit muscle creatine kinase (Sigma). Fluoride was present at 10 mM where indicated.
Polypeptide hormones were dissolved in buffer containing 0.1% albumin, the phenothiazines were dissolved in H20, and prostaglandin E1 in ethanol. Appropriate ethanol controls were run. ATPase assays were performed as previously described. 9 The following chemicals were generously supplied as indicated: bovine thyrotropin (4 units/mg) by Dr. Peter Condliffe; chlorpromazine, prochlorperazine, and trifluoperazine by Smith, Kline, and French Laboratories; prostaglandin E1 by the Upjohn Company. The parathyroid hormone used was the MRC standard. Membrane preparations were added to the prewarmed tubes to start the reaction. All points are averages of duplicate or triplicate determinations.
Results and Discussion. Figure 1 shows that increasing concentrations of chlorpromazine led to a progressive reduction of thyrotropin-stimulated adenyl cyclase activity of thyroid membrane preparations without significantly affecting baseline activity. Significant inhibition of thyrotropin stimulation could be effected by concentrations of chlorpromazine below 1 X 10-5 M in some enzyme preparations, and inhibition was complete at 1 X 10-4 M. Fifty per cent inhibition occurred at -2 X 10-5 M chlorpromazine. Entirely similar results were obtained with trifluoperazine (50% inhibition at 1 to 2 X 10-5 A) and prochlorperazine. In some instances thyrotropin-stimulated cyclase activity was reduced below basal activity by chlorpromazine. These inhibitory effects are not due to activation of phosphodiesterase since 3 X 10-4 M chlorpromazine did not increase phosphodiesterase activity in either thyroid or adrenal preparations. In fact, a 20 per cent inhibition was observed in agreement with previous findings on the diesterase from cerebral cortex. 10 A second effect of the phenothiazines was the augmentation of F--stimulated adenyl cyclase activity (Figs. 1 and 2) . This occurred at concentrations of > 1 X 10-4 M chlorpromazine with a half-maximal effect at 5 X 10-4 M, and consisted of a 50-70 per cent increase in the cyclase activity at 1 X 10-2 M F-. At very high chlorpromazine concentrations (>1 X 10-3 M), both basal and F--stimulated cyclase activities were inhibited (Fig. 2) . Stimulations of F--activated adenyl cyclase could be produced with 3 X 10-4 Ml trifluoperazine or prochlorperazine.
The inhibition of thyrotropin-stimulated adenyl cyclase by the phenothiazines makes it clear that effects of these drugs on hormone responses such as endocytosis2' " may equally well be explained by an effect on the plasma membranes as by stabilization of lysosome membranes. A choice between these mechanisms requires independent evidence and both may occur. These findings also raise the interesting question of a direct effect of adenosine 3':5'-cyclic phosphate (cyclic AMP) on lysosome stability since dibutyryl 3' :5'-cyclic AMP can initiate endocytosis. This question is currently under investigation.
The apparent dissociation between the thyrotropin and F--stimulated adenyl cyclase activities prompted us to investigate the effects of chlorpromazine on other hormone-responsive adenyl cyclase systems. The comparison listed in Table 1 shows that chlorpromazine inhibits the stimulation of adenyl cyclase produced by adrenocorticotropin in rat adrenal preparations. This tissue was somewhat less sensitive to chlorpromazine than the thyroid membranes but still showed augmentation of F--stimulated activity.
Preparations of renal cortex showed no inhibition of the parathyroid hormone response and, in fact, consistently showed a small increase at this phenothiazine concentration. With 1 X 10-3 M chlorpromazine (not shown) both basal and hormone-stimulated activity were reduced 40-50 per cent whereas F--stimulated activity was altered. The response of liver adenyl cyclase to glucagon was only partially blocked (Table 1) . A complete block of hormone response could be obtained only at drug concentrations that reduced basal activity markedly. Stimulation of F--stimulated cyclase occurred at >3 X 10' M in about half the preparations. The inhibitory effect of chlorpromazine was not restricted to the polypeptide hormones as shown by the reduction of the prostaglandin E1 response in thyroid membranes and by the abolition of epinephrine stimulation in liver preparations.
Indirect evidence of several sorts9 12, 13 has led to the conclusion that a single cyclase responds to stimulation of a number of hormone receptors, and that F--activation is, in some ways, different. That the hormone sites are separate from the F-site is suggested by the marked dissociation between these in the response to the phenothiazines. Present evidence does not permit discrimination between a model in which hormone receptors and the catalytic site exist on the same macromolecule from one in which they are separate.
Although chlorpromazine forms complexes with ATP,14 such a mechanism of inhibition is not in accord with the stoichiometry nor with the fact that both inhibited and stimulated cyclase activities presumably utilize the same ATP.
A possible unifying explanation derives from the well-documented changes in surface properties of membranes produced by the phenothiazines.3 4 This is characterized by a biphasic dose response-stabilization at low concentrations and destabilization at high concentrations. In erythrocytes, phenothiazines induce an expansion of the membrane area (up to 5%) associated with protection against osmotic lysis.15' 16 Chlorpromazine is bound to these membranes by a single class of sites to the extent of 0.066 mmoles/ml wet membrane. However, the bulk volume of bound chlorpromazine accounts for only about a third to a half of the increase in membrane area. Such an effect would be expected to be relatively nonspecific and might influence membrane-bound enzymes on the basis of proximity to the chlorpromazine-binding site. Presumably membrane ex-PROC. N. A. S. pansion or other conformational changes remove the receptor from the domain of the catalytic site or cause conformational changes in the receptor itself. One could predict several consequences from an interaction of this type: (1) Inhibition of other membrane-bound enzyme activities. We have been able to show inhibition of Na+ + K+ ATPase in our thyroid membrane preparations by chlorpromazine (Table 2) . This has been shown previously for the brain ATPase. 7 The sensitivity of these enzyme systems appears to be somewhat less than the thyrotropin "receptor" (see Fig. 1 ).
(2) Other agents that are chemically unrelated to the phenothiazines but also cause expansion of membrane area might be expected to inhibit adenyl cyclase in a similar way. For this purpose we chose thymol.4"1,6 It is apparent from Table 3 that, although the response curve is steeper, stimulation by thyrotropin is abolished while F--stimulation is enhanced in a manner analogous to that seen with chlorpromazine. A similar degree of dissociation of adenyl cyclase activities is seen in the presence of 2 X 10-4 M sodium dodecyl sulfate, hence the charge of the surfactant is not of primary importance under these conditions. It seems justifiable to conclude, therefore, that surface effects play a large role in the modifications of both the hormone and F--mediated adenyl cyclase activities produced by the phenothiazines.
